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Doctor of Philosophy
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Since the realization that the proton is a composite particle, much
work has gone into understanding its structure and how the quarks
and gluons that make up this structure lead to the proton’s basic
properties, such as charge, momentum, spin and magnetic mo-
ment. While much has been learned about some of these prop-
erties from several decades of experimental studies, knowledge of
the spin structure has lagged behind, primarily due to the sub-
tlety required for spin dependent measurements. The first results
from polarized deep inelastic scattering (pDIS) experiments in the
late 1980s and early 1990s revealed that contrary to the prevailing
wisdom, quarks did not carry a significant fraction of the proton’s
spin. However, those experiments, which effectively probed the
quark spins through their interactions via virtual photons, could
not probe the charge-neutral gluons, and hence could only weakly
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constrain the gluon’s contribution to the nucleon’s spin. Polarized
proton-proton collisions at high center of mass energy employing
the Relativistic Heavy Ion Collider (RHIC) at Brookhaven Na-
tional Laboratory (BNL) provide a unique and direct way to access
the gluon spin (AG) through measurements of the double helicity
asymmetry Apr.

In the present work, results for the double helicity asymmetry in
neutral pion (7%) production in polarized proton collisions from
the 2005 and 2006 RHIC runs (Run5 and Run6, respectively) mea-
sured with the PHENIX detector are presented. Pions are abun-
dantly produced in proton-proton collisions and so are a good can-
didate for a high statistics analysis. The PHENIX Electromagnetic
Calorimeter has good energy resolution and high granularity which,
when used with a high energy photon trigger, yield a substantial
7% sample over a wide range in transverse momentum (pr). The
2005 and 2006 polarized proton runs (at a center of mass energy
of 200 GeV) saw large increases in luminosity (L) and polarization
(P) compared to previous runs, resulting in a high figure of merit
(P'L). 7° App from RHIC Run5 and Run6 are precise enough
to be sensitive to AG. A measurement of charged pion Ay, from
RHIC Runb is also presented, and examined as a complimentary
analysis which can help determine the sign of AG. These are the
first results from RHIC and BNL addressing the very important
question of the role played by the gluons in determining the pro-
ton’s spin.

Finally, the current understanding of the proton spin structure is
examined considering this new data. A simple method for esti-
mating the gluon spin structure in the proton is described, and
indicates that the current data do offer a significant constraint.
Even when using this method to consider theoretical uncertainties,
which are large, the significance of the current data remains.
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Chapter 1

Introduction: Proton Structure

Since measurements of the proton’s magnetic moment revealed that the proton
was not a point-like particle, the substructure of the proton has been studied
intensely. By understanding the structure and composition of one of the basic
particles that make up much of what we interact with daily, we have gained
insight into the fundamental forces that govern our universe.

1.1 Quarks and the Strong Force

In 1964, Gell-Mann and Zweig independently proposed that all hadrons (which
include baryons, such as the proton and neutron, and mesons, such as the
pions) were composed of three types of quarks (q), defined as up (u), down (d)
and strange (s). When combined with their antiparticles, all the hadrons seen
at that time could be described as quark-anti-quark pairs (¢q), in the case of
mesons, or a set of three quarks or anti-quarks (gqq or Gqg) for baryons.!

For quarks to remain bound in hadrons, or for protons and neutrons to
remain bound in nuclei, a new force other than electromagnetism would be
required.? Such a force would have to be stronger than electromagnetism
on the scale of a nucleus (roughly several fm), and so was creatively named
the strong force. The intermediary particle for the strong force is called a
gluon. Gluons are massless, chargeless, spin 1 particles which carry the strong
force equivalent of electric charge, called color. Quantum Chromodynamics
(QCD), the theory of gluon and quark interactions, has been described in
many introductory texts, such as [1-3]. For a more developed field theoretic

'Heavier particles containing the remaining 3 quarks in the standard model (SM) had
not been seen at that time, and so only three quarks were required.

2A*+, which is composed of three up quarks, each with a charge of +§ clearly cannot
be bound electromagnetism.



approach, see [4, 5].

While much of the interactions between quarks have analogs in the quan-
tum theory of electromagnetism (called Quantum Electrodynamics or QED),
there are a few very important differences. First, unlike in the case of the
photon (the force carrier in QED), the gluon carries the color charge, and so
can couple to other gluons directly. Second, and more significant, the coupling
strength in QCD, «ay, becomes smaller as the distance of interaction becomes
smaller. This has two direct implications: confinement and asymptotic free-
dom. Confinement implies that quarks and gluons will always be found in
hadrons, as the field around a lone free quark (i.e. at large distance) is enough
to create other quark-antiquark pairs from the vacuum. This is essentially
what occurs in the process of fragmentation, which will be discussed later. In
the other extreme, quarks become asymptotically free as the distance from a
quark goes to zero.

This second point has a large impact on the ability of theory to make pre-
dictions. Quantum Mechanics requires that for a given starting and ending
state, all possible intermediary states be considered, scaled by their probability.
In any Quantum Field Theory (including QED and QCD), each intermediate
state with an additional coupling (or vertex) carries an additional factor of the
coupling constant in the calculation. If this coupling constant is sufficiently
small, then the calculation of all possible intermediate states can be truncated
at some order of the coupling constant, so that the required accuracy in the
calculation is achieved. Such a calculation is called perturbative. In QED,
perturbation theory is very successful, as the coupling constant, «, is small
at large distances: o = 1/137 on the scale of the Hydrogen atom.? However,
in QCD, since ay increases with distance, at large distances (on the order of
the hadron’s size), all extra couplings carry essentially the same weight. This
implies that a description of the proton as 3 quarks, called valance quarks,
is nearly as probable as a description with three valance quarks, many glu-
ons, and also many quark-anti-quark pairs, called sea quarks. Therefore, to
calculate anything, numerous possible intermediate states must be calculated.
Currently, this is not possible, and so QCD predictions can only be made
for very short distance reactions, where ay is small, and again the calcula-
tion is perturbative. This theoretical frame work is called perturbative QCD
(pQCD), and is currently the only type of QCD that can give firm predictions.*
Therefore, we cannot use QCD to predict the structure of the hadrons.

So the question arises: Assuming that a proton is made up of quarks and

3In the case of QED, the scale at which this is not the case is extremely tiny, many
times smaller than the Plank scale.

4Lattice QCD, which attempts to calculate a large number of the possible arrangements,
and so approximate the composition of hadrons, may well allow us to move beyond pQCD.



Figure 1.1: Diagram of Deeply Inelastic Scattering, in which a virtual photon,
~v*, from a scattered lepton, ¢, resolves substructure within the proton, P. The
variables shown are discussed in the text.

gluons, how can we understand the structure of quarks and gluons in the
proton? For this, we turn to experiment.

1.2 Experimental Techniques: Studying the
Structure of Hadrons

The most straight forward way of understanding the proton structure is to
understand how the basic properties of the proton such as charge, momentum,
spin, etc., arise from the quarks and gluons that make it up. In order to
achieve this goal, several experimental techniques are employed.

1.2.1 Deeply Inelastic Scattering

Deeply Inelastic Scattering (DIS) has been described in numerous texts, for
example [2, 3]. Here, only a brief discussion of DIS will be given to introduce
the relevant variables and concepts. Figure 1.1 shows the basic concept of
DIS, in which a lepton is scattered off a nucleon (either a proton or neutron)
and by measuring the change in the momentum of the lepton and the angle
of scatter, information about the substructure can be determined. In general,
this requires a measurement of the cross section o**N=¢+X where ¢ (¢') denotes
the lepton before (after) the collision, N denotes the nucleon, and X denotes
the unmeasured final state.
The cross section for this process can be written as

pis 4o PR 1

= ———— [P P 1.1
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where « is the electromagnetic coupling constant, k* (k) is the incoming
(outgoing) lepton 4-momentum, A is the incoming lepton helicity, and ¢* =
kF — k'™ is the 4-momentum transferred to the nucleon. We define the variable
Q? = —¢? as the virtuality of the photon. L*” is the leptonic tensor that
describes the coupling of the lepton to the virtual photon and is know from
QED. W, (P, q,S) is the hadronic tensor which describes the coupling of the
photon to the hadron, and depends on the 4-momentum of the nucleon, P, the
4-momentum transfer ¢, and the spin of the nucleon, S. Note that the final
state momenta of the particles in X have been integrated out, and all possible
final states X have been summed over.
In general, we define the Bjorken variable x such that
Q2
T = ope . (1.2)

Figure 1.1 can be redrawn in terms of the struck quark and the remainder of the
proton, as can be seen in Fig. 1.2a. In this picture, z has the interpretation (at
leading order in «y) as the fraction of the total proton momentum, P, carried
by the quark. Here, it is assumed that the quark has momentum parallel to
the proton.

The hadronic tensor, W, can be rewritten in terms of several structure
functions as

PR .
1 p. p.
+m <Pﬂ_qM7q) (Pu_quq—2q> FQ(ZL’,Q2) (14)

Se(P-q) — P,(S-q)
(P-q)?

where g, is the standard Minkowski metric tensor, M is the mass of the
nucleon, Fi(z,Q?) and Fy(x, Q%) (g1(x, Q%) and ga(x, Q?)) are the spin inde-
pendent (dependent) structure functions to be determined from experiment.
A fifth structure function, which arises from W boson exchange, for example
in neutrino scattering, has been neglected. As g;(z, Q%) and go(x, Q?) depend
on the spin of the probed nucleon, these terms vanish if the initial spin states
are summed over. In order to understand how these structure functions re-
late to the quarks and gluons, we turn to a second, complementary model for
interpreting hadron structure.

Seo
+iMetP7q, ( a1 (z, Q%) +

Pa ga(, Q2))



Figure 1.2: Diagrams of three experimental techniques: (a) Deeply Inelastic
scattering, (b) Semi-Inclusive Deeply Inelastic Scattering, and (c¢) hadron-
hadron scattering. These are used to access information on the structure of
the proton. The variables shown are discussed in the text.

1.3 The Parton Model

Around the same time as Gell-Mann and Zweig were proposing the quark
model, Feynman proposed the parton model of the nucleon, in which the
nucleon is composed of particles, called partons, which interact with the virtual
photon in DIS. Later, the partons were identified with the quarks and gluons
in the nucleon.

The parton model states that the DIS cross section, o2l®, can be written
as the cross section, &g}, of an elastic scattering of a lepton off a parton, f,
convoluted with a parton distribution function (PDF), f(z, u%):

1
RIS = Y / A 634 (2P, g, i 12) £ (. 22 (1.5)
0

f=a,4,9

The PDF gives the probability of finding a parton with momentum fraction x
(See Fig. 1.2a) when at a certain p2. p2 is defined as the factorization scale,
which is a theoretical construct of order Q?, and is a cutoff between hard and
soft processes. The reason why this is needed is discussed in the next section.
The renormalization scale, pig, is a second theoretical construct (See [4, 5] for
details) and is normally set equal to pp in calculations. For the most part,
from now on, the reliance on theoretical scales will be neglected, with the
PDFs written as f(z,Q?). In Chapter 8, we will consider how the choice of
these scales impact the interpretation of our result. As the integral in Eq. 1.5



is a convolution, it can be rewritten in a shorthand form:

o= fx.Q*) @ 5(zP,q) (1.6)

f=4,4,9

where ® signifies a convolution.®

Note that even though the summation is over all partons, the cross section
for a photon interacting with a gluon is suppressed as the colorless photon
cannot couple directly to the chargeless gluon. Instead, a quark propagator is
required, and so this interaction is suppressed by a factor of a,. Therefore, in
the Q? range where pQCD is applicable, information on the gluonic structure
of the proton is suppressed.

In the parton model, it is the PDFs which contain information about the
about the structure of the proton. The goal is to map out, as a function of
x, the probability of finding a particular distribution of parton(s) with that
specified momentum fraction.® To do this, we must use the experimental result
for the structure functions, and relate these to the PDFs. This relation can

be show to be
Fy(z) =) elafi(x). (1.8)

)

1.3.1 Factorization and Universality

The parton model allows the measured cross section to be interpreted in terms
of PDFs. However, implicit in the above discussion of the parton model in-
terpretation of DIS is the assumption that the cross section can indeed be
factorized in terms of a hard scattering process (6) between leptons, quarks
and /or gluons, which is calculable using pQCD, and some number of soft (non-
perturbative) QCD objects, i.e. the PDFs. (For other interactions, in which
we also consider the final state hadrons, this also applies to the fragmentation
functions. See Sec. 1.4). The factorization scale, up, in Eq. 1.5, gives a cutoff
for separating the soft and hard physics in theoretical calculations. This scale

5The technical definition of a convolution of two functions, f and g, is

f ®g)(z) = / dryds f(21)g(22)6(z — 2122) (L.7)

6 Although the parton distributions mentioned previously are simply the distribution of
a specified parton as a function of momentum fraction, there are other more complicated
distributions, such as the difference between number of quarks and anti-quarks in a hadron,
(for example, u, = u—u). The main body of this work will actually deal with the polarized
parton distribution functions, which are a difference between a specified type of parton with
spin aligned or anti-aligned to the spin of the parent hadron.



is an unphysical theoretical construct, dependent on the order of the perturba-
tive calculation [6]. For next to leading order (NLO) in oy pQCD calculations,
it is generally taken to be equal to Q%. In the case of a final state hadron, a
second scale, the fragmentation scale 1/, exists for determining the separation
between soft and hard physics in fragmentation. Normally p is taken to be
the same as pp in calculations, though this is not necessary. In Chapter 8,
the theoretical uncertainty in the expectations for Ay, calculated with NLO
pQCD due to the choice of scales (pp, fy and pg) will be studied.

Factorization, by itself, only allows us to describe the structure of the
proton in a particular arrangement. While this is useful, the real goal is an
understanding of the proton (and other hadrons) independent of the particular
experimental method being used. Therefore, the PDFs (and fragmentation
functions) measured in any one method must be the same as those measured by
another process, i.e., they must be universal. Without universality, measuring
the structure of the proton is nonsensical, as the measurement would imply
nothing inherent about the proton, but only how it behaves in a very specific
situation.

Both factorization and universality are assumptions, and have been shown
to hold in only a limited number of cases [7]. In the case of observing final
state hadrons in any interaction, factorization has not been proved. However,
in order to attempt to understand non-perturbative QCD objects, we must
rely on factorization and universality.

This is not to say that they cannot be tested. In the case of fragmentation
functions (FFs), differences between Semi-Inclusive DIS (See Sec. 1.4.1) and
ete™ have been examined in [8] and [9] and the FFs from both processes
were found consistent. Similarly, de Florian, Sassot and Stratmann (DSS) [10]
found that the fragmentation in ete™, Semi-Inclusive DIS and hadron-hadron
scattering can be described with a single set of functions (one for each parton
fragmenting to a specified hadron). Both of these result imply that universality
and factorization hold, at least in the case of FF's, at the present experimental
and theoretical accuracy.

Now that we understand the two main assumptions in the parton model,
we can return to considering experimental techniques used to measure nucleon
structure.

1.4 Experimental Techniques, Continued

The DIS interaction can be generalized to account for many other experimental
methods. Consider the scattering A+ B — C' 4+ D + X where A and B are
composite particles with interacting partons a and b, respectively, which are



involved in hard scattering a +b — c+d. C and D are final state observables
originating from ¢ and d, respectively, and X is everything else.
In this case, Eq. 1.5 generalizes to

1 1 1 1
gD =y / dz, / dxy, / dzc / dzp (1.9)
farfo 0 0 0 0

&el7a+b_)c+d(l’aPAa beBa PC/ZC'a Pd/ZD’ Q2)

fa(xav Q2)fb($b, Qz)Dg(Z07 Q2>D%(ZD7 Q2) :

where z, and x;, are the momentum fractions carried by the interacting partons
in A and B, P4 and Py are the momenta of the scattering particles (leptons
or hadrons), P. and P; are the momenta carried by the outgoing partons,
and z¢c and zp are the fraction of the outgoing parton’s energy carried by
the measured particle(s). f, and f, are the PDFs and D¢ and D}, are the
FFs, which give the probability that a parton of type ¢ will fragment into a
measured particle with momentum 2z FP..

In the case of DIS, particles A and D are the incoming and outgoing lepton.
As leptons are effectively structureless at the energies probed in existing ex-
periments, the PDFs and FF's for a lepton are simple delta functions at z, = 1
and zp = 1 respectively. D¢ in this case is included in the final stated X, as
is the integral over z¢. Performing the integrals over x, and zp will then give
back Eq. 1.5.

Equation 1.10 can be written similar to Eq. 1.6 as

N = D ful20, Q%) ® folmn, Q)
fa,fb
®&Ol’a+b—>c+d('xaPA7 beB7 ZCPC7 ZDPd7 Q2)

®Dg(2, Q%) @ D) (2,Q%). (1.10)

With this generalization in mind, we can consider a few more complicated
experimental techniques, which are currently used to understand the structure
of the proton.

1.4.1 Semi-Inclusive Deeply Inelastic Scattering

Semi-inclusive DIS (SIDIS) is similar to DIS, except that (at least) one hadron
in the final state is observed, i.e. the interaction measured is {+N — ¢'+h+X.
As with DIS, particles A and D are the incoming and outgoing lepton, and so
the f,(74, Q%) and D%(z, Q?) are simple delta functions at z, = 1 and zp = 1
respectively. In SIDIS, however, D¢ (z, @?) is not included in the sum over X.



The cross section is then

o= Y f(@,Q%) © 67 _ox(@P.q) ® Di(z, Q%) (1.11)

f=4,4,9

This process is shown diagrammatically in Fig. 1.2b. Again note that, similar
to DIS, the sensitivity of SIDIS to the gluon is reduced due to the fact that
the photon and the gluon do not directly couple. For a thorough description
of SIDIS, see [11].

1.4.2 Hadron-Hadron Scattering

A third approach to understanding the nucleon structure is through hadron-
hadron collisions. In this case, both quarks and gluons interact in leading
order. The basic interaction considered in this work is p + p — X, and is
shown in Fig. 1.2c.” However, in proton-proton (p + p) inelastic scattering, as
neither the proton nor the remnant is measured, a final state created in the
interaction (for example, a hadron h, a jet, or a direct photon) is observed in
the final state.® In all measurements discussed in this work, we assume only
one final state particle (or jet), and so D%(z, Q?) is included in the sum over
X. As both incoming particles are protons, there are two PDFs contributing
to the cross section:

GPTP—h X Z fa(2a, Q%) @ folay, Q?)

fa,b:‘L‘j:g

®a.a+b—>c+X(xaP1’ be2> q, ZPC) ® Dz(za Q2) . (112)

Here, the final state observable is assumed to be a hadron. In this work, the
final state observable is either a charged or neutral pion. Note that in the case
of p+p —jet+ X or p+p — v+ X, the FF is simply a delta function at
z=1.

A drawback of p+p collisions is that neither 2 nor Q? are directly measured
in the interaction. Instead, for the requisite hard scale needed for theoretical
interpretation (normally pu* = Q2 in DIS and SIDIS), the transverse momen-
tum, pr, of the measured probe is used.

"Here, and in the following, both hadrons are assumed to be protons.
8 As is discussed in Chapter 3.3, experimentally we require some additional particles to
be seen by our event trigger.



1.5 Proton Structure

With the experimental techniques described above, much can be learned about
the structure of the proton. In the following, we first look at what has been
learned from unpolarized scattering in terms of the charge and momentum of
the proton, and then move on to spin.

1.5.1 Results from Unpolarized Scattering

Fig. 1.3 shows the proton structure function F5 as a function of Q? plotted in
bins of fixed x measured from unpolarized DIS. These results cover a large x
and % range. Results at different Q% can be related using the DGLAP evo-
lution equations [13-15]. These equations use the gluon and quark splitting
functions, which describe how quarks radiate gluons, and how gluons pro-
duce quark-antiquark pairs. Given some initial PDFs and a specified Q?, the
DGLAP equation are used to get the PDFs at any other Q2.°

Figures 1.4 and 1.5 show the resulting (unpolarized) PDFs from two ex-
ample fits of these data for F5, as well as some results from hadron-hadron
scattering and neutrino scattering, from the MRST [16] and CTEQ [18] groups,
respectively. The MRST result uses pQCD calculated to Next to Next to Lead-
ing Order (NNLO), while CTEQ uses NLO pQCD. The results agree well for
1073 < 2 < 0.7, where the majority of the data exists.

Figure 1.6 shows the estimated percentage uncertainty in the three light
quark distributions as well as the gluon distribution as fit by CTEQ.'® The
majority of the data used in these fits come from DIS, in which gluons do not
interact at LO, and so the gluon distribution constraint comes largely from
evolution with the DGLAP equations. The large range in Q? of the data in
Fig. 1.3 is the dominant constraint of the gluon distribution, as the quark dis-
tribution at other Q% will be directly affected by the quark and gluon splitting
functions through the DGLAP evolution. Even so, the gluon is less constrained
than the light quarks, as is evident from Fig. 1.6. As we will see later, the
lack of such a large Q? range in polarized DIS data leads to large uncertainty
in the polarized gluon distribution. First, however, we consider what we can
learn about the basic properties of the proton from these unpolarized PDFs.

9DGLAP equations may not be valid when evolving down to very low Q2 as they rely
on the applicability of pQCD.

10Here, CTEQ uncertainties are shown as representative of NLO pQCD fit results. NLO
pQCD will be used to interpret the results presented in this work, and so are most relevant
here.
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Figure 1.3: Proton structure function Fj measured by DIS. Data was compiled
the Particle Data Group [12], and is meant to be representative of the current

world data.
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MRST2006NNLO Parton Distribution Functions at Q=10 GeV?
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Figure 1.4: Parton Distribution Functions for up (red), down (blue), antiup
(purple), antidown (green), strange (brown) and charm (yellow) quarks and
gluons (grey) as a function of z at @* = 10 GeV? using the MRST 2006 NNLO
fits [16]. Note that the gluon is scaled down by a factor of ten. Bands represent
uncertainties estimated by MRST calculated by PDF calculator at [17].
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CTEQG65E Parton Distribution Functions at Q°=10 GeV?
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Figure 1.5: Parton Distribution Functions scaled by x for up (red), down
(blue), antiup (purple), antidown (green), strange (brown) and charm (yellow)
quarks and gluons (grey) as a function of = at Q* = 10 GeV? using the
CTEQG6.5 NLO fits [18]. Note that the gluon is scaled down by a factor of
ten. Bands represent uncertainties estimated by CTEQ calculated by PDF
calculator at http://durpdg.dur.ac.uk.
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CTEQS65E Parton Distribution Functions Percent Uncertainty at Q?=10 GeV?
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Figure 1.6: Estimated percentage uncertainty in the up (red), down (blue),
and strange (brown) quarks and gluons (grey) as a function of x at Q? =
10 GeV? using the CTEQ6.5 NLO fits [18]. Uncertainties estimated by CTEQ
calculated by PDF calculator at [17].
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1.5.2 Charge and Momentum

In terms of charge, understanding the proton (or other hadron) structure is
rather simple, as the quarks must have charges such that the charge of the
proton, neutron, and other hadrons are simply the sum of the charged particles
within. As the gluon is electromagnetically neutral, and quark-anti-quark pairs
in the sea are also electromagnetically neutral, this leaves only the charge of
the valance quarks. This leads to up, charm, and top with ¢ = +§e and down,
strange and bottom with ¢ = —%e where e is the charge of the positron.

Using these charge values for the quarks, we can write a charge sum rule
as

+1 = Zeq/O dr{q(x) — ()}
= +§/0 de{u(z) —u(z)} — %/0 da{d(x) — d(x)}
+ ) eq/O dr{q(r) — q(z)}

s,¢,b,t
2ot (1.13)
= — %k 24— — % . .
3 3

Here, gluons, which carry no charge, are excluded and the following relations
are used.

/01 de{u(z) —u(r)} = /Oldzvuv(a:) =2
/01 de{d(z) —d(z)} = /Oldxdv(:c) =1 (1.14)
/01 da{q(z) — qlx)} = /Oldxqv(:)s) =0 for q=s,c,b,t.

Here, u,, d, and g, are just the valence distributions for the quarks in a proton.
As there are no valence distributions the strange, charm, bottom or top quark,
they contribute no charge to the proton.

Next, consider momentum. A very simple (and naive) assumption would
be to assume that the three valance quarks carry all the momentum in equal
amounts (i.e. x = %) However, once gluonic interactions between the quarks
are allowed, the momentum fractions carried by the quarks get smeared out.

If qq pair production is also taken into account, then a long tail is found at
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small z. With this in mind, a momentum sum rule can be written as:
1
1= Z/ drex{q(z) + q(x)}. (1.15)
0
q

However, results from DIS measurements showed this picture to be too naive.
Using PDF's such as those in Fig. 1.4 and 1.5, it was shown that the quarks
(both valence and sea) carry only about 50% of the proton momentum. This
missing momentum is actually carried by the gluon, and can be viewed as an
indication of the existence of gluons. Including the gluons in Eq. 1.15 then
gives a complete momentum sum rule:

1= Z/o dex{q(z) + q(x)} +/0 drzg(z) . (1.16)

1.6 Spin Structure

Next, consider the proton spin, (Sp) = %, given in the unit of angular mo-
menta, i = 1.05457148 x 1073* m%kg/s.!! Similar to the momenta and charge
of the proton, its spin should be the sum of its part, and so, to understand
origin of the proton spin, we must understand the spin (or polarized) structure
of the proton.

The polarized structure of the proton is much less well understood than the
unpolarized structure needed to understand charge and momentum. This is
primarily due to the added difficulty in experimentally measuring spin struc-
ture.'? As was mentioned in Sec. 1.2.1, the spin structure functions, ¢; and g»
(see Eq. 1.5), can only be measured if the initial spin states are not summed
over. Experimentally, this requires that measurements are made with both
a polarized lepton beam and a polarized hadron target. The difficulties in
producing both of these at collider energies has limited the z and Q? range
of polarized DIS measurements. Figure 1.7 shows current experimental data
for g; for the proton as a function Q%. The lack of polarized DIS data at
high @* and/or low z is evident when compared with the unpolarized case
(Fig. 1.3). In the remainder of this section, we examine initial expectations
for these data and how the interpretation of these results have evolved since
experiments first indicated that the proton spin was not primarily due to the
intrinsic quark spin.

"Erom here on, we will neglect the units when discussing angular momenta.
12 Additional theoretical advances were also required, as the NLO pQCD calculations
needed for polarized and unpolarized cross sections differ significantly.
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Figure 1.7: Proton structure function g7 measured by polarized DIS. Data
was compiled by S. Bass [19], and is meant to be representative of the current
world data.
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1.6.1 Naive (and Slightly Less Naive) Quark Model

The spin of mesons and baryons were found to be describable simply in terms
of the valence quark spin [2]. With such a very naive understanding of quarks,
one may expect that, for a proton with spin % made up of three valence quarks
of spin %, two quarks have spins aligned to the proton, and one is anti-aligned.
However, this assumption is similar to assuming that each quark carries one
third of the proton momentum. The fraction of the proton spin is instead
smeared out over the quarks analogous to the smearing of the fractional mo-
mentum.

This slightly less naive model would assume that the spin of a proton is
given by

1 1
(Sp) = 5= §AZ (1.17)
where
AR = > {Aq(z) + Ag(a)}. (1.18)
q=u,d,s,c,b,t

Aq(x) (Ag(z)) is the polarized quark (antiquark) PDF. Defining two new
PDFs, ¢, (z), the probability of finding a quark with momentum fraction z
and helicity aligned to the proton helicity, and ¢_(x), the probability of finding
a quark with momentum fraction x and helicity opposite the proton helicity,
we define

Aq(w) = q;(2) = q_(x). (1.19)

Note that the unpolarized quark PDF ¢(x) is just the sum of the two helicity
dependent PDF's, namely

q9(z) = q4(2) + ¢ (2). (1.20)

In Eq. 1.18, although the sum is over all quarks, in general only the three light
quarks are expected to have significant contributions to the proton spin.

Ellis-Jaffe Sum Rule

In 1974, Ellis and Jaffe [20] proposed independent sum rules for the proton
and neutron spin structure using what has become known as the “naive quark
model” (NQM), assuming that the strange quark sea was (nearly) unpolarized.

From this sum rule, the value of AY is reduced to 0.6 due to relativistic
motion of the quarks. Similar estimates were derived from other models [21].
Sehgal [22] identified the difference from AY =1 as the quark orbital angular
momentum contribution, L4, in effect acknowledging that the net orbital an-

z7

gular momentum due to the quarks is the sum of intrinsic and orbital angular
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momentum. In this case, Eq. 1.17 becomes

1 1
(Sp) = 5 = Ji = SAZ + L (1.21)

where J? is the total angular momentum of the quarks.

1.6.2 EMUC result

The first experimental measurements of polarized DIS were performed at the
Stanford Linear Accelerator (SLAC) with polarized electrons and polarized
protons [23-25]. The actual measured asymmetry is

ol =gl

p - -
Al - O'TT +ng

) (1.22)
where 17 (T]) signify the ¢p cross section when the lepton and proton polariza-
tions are aligned (anti-aligned). The SLAC results plotted in Fig. 1.8 agreed
with the expectation from the Ellis-Jaffe sum rule, but were limited to large
x (>0.1).

Several years later, the European Muon Collaboration (EMC) at CERN
used a polarized muon beam incident of polarized protons to extend the mea-
sured z range down to 0.01. The EMC result for A} is plotted in Fig. 1.8
[26], and is seen to agree with the SLAC results in the overlapping z range
measured by the two experiments.

However, when this result is converted into g%, using

Aa, @?) = 22 Q) (1.23)

F 1 (LL’ ) Q2) 7
it was found to disagree with the Ellis-Jaffe sum rule, as can be seen in Fig. 1.9.
This plot shows fwlm dxgy (), the integral of g% (z) over x from a lower x value,
T, t0 1, vs. ,,. Excluding a large increase in g¥(z) at some value of x<0.01,
the Ellis-Jaffe sum rule is clearly violated. The larger implication [27] of this
violation was that the quark spins did not contribute much to the proton spin,
ie.

AY = 0.120 & 0.094 + 0.138 (1.24)

where the first uncertainty is statistical and the second is systematic.

A second implication from the EMC results, in the framework of the NQM,
was that the strange quark polarization was not zero, but large and negative:
As 4+ As = —0.095 + 0.016 £ 0.023.
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Figure 1.8: Early results from SLAC (open circles [23, 24] and diamonds [25])
and EMC (closed squares) for A7 vs. z. Solid line is expectation if Ellis-Jaffe
spin sum rule for the proton held. Plot taken from [26]

021} 4 EMC ﬁj

l— ELLIS-JAFFE SUM RULE b SLAC
0.18

Figure 1.9: Early results from SLAC (open) and EMC (closed) for f;m dxgl(z)
VS. &, where z,, is the value of x at the low edge of each bin. The dashed
line is a parametrization of A}. For details, see [27].
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1.6.3 A Broader Picture on Nucleon Spin: Complete
Spin Sum Rule

The failure of the NQM to describe the proton spin as composed simply by
the quarks led the broader conception of the spin sum rule for the proton
given in Eq. 1.21. By including the possible contribution from gluon angular
momentum, both intrinsic (AG = Gt —G~) and orbital (L), a complete spin
sum rule of the proton is given as

1 1
<sf>:§:§A2+Lq+AG+Lg. (1.25)
Note here that this sum rule is only valid in the infinite momentum frame-
work. Some theoretical predictions [28-30] indicated that an extremely large
polarized gluon distribution (AG ~ 3 or 4) could restore the measured value
of AY to about 0.6 through anomalous gluon contribution to AX:

AEmcausurod = AEroal + %AG .
2

However, it is important to note that even a smaller gluon contribution on the
order of 0.5 would satisfy the spin sum rule (Eq. 1.25) while having little effect
on the value of AY..

1.6.4 Modern Results for gl

Numerous other DIS experiments have been performed at CERN (up) [31],
SLAC (ep) [32-34] and DESY (ep) [35] which confirmed the EMC result. They
have also expanded the covered range of x and Q? and obtained the neutron
structure function, g}, through deuteron and *He (helium atoms with a single
neutron and two protons) measurements. g} as a function of Q? for different
fixed x values is plotted in Fig. 1.7 for a representative subset of the world
data from polarized DIS.

Both the Q? and x ranges of the ¢} data are two orders of magnitude smaller
than the F} data shown in Fig. 1.3. This is primarily due to the lack of a
polarized electron polarized proton collider, as all polarized DIS experiments
to date are fixed target and therefore limited in energy. As was discussed
earlier, the large (Q* range measured in unpolarized DIS were significant in
constraining the unpolarized gluon distribution. As we will see, the lack a
large Q? range in the polarized DIS data leads to large uncertainty in the
polarized gluon distribution.
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Figure 1.10: Spin dependent PDFs for (a) AY and (b) AG vs. z at Q*=1 GeV?,
as extracted by different NLO pQCD fits to polarized DIS data. While the
total quark contribution agrees well in all fits, the polarized gluon distributions

vary significantly, due to the poor constraining power of fixed target polarized
DIS.

1.6.5 Extracted Polarized Distribution Functions

Since the mid-1990’s, a number of theoretical and experimental groups have
tried to extract the polarized parton distribution functions from fits of the
world data on ¢7. A brief summary of a number of these fits is given in
Appendix C. The results for AY and AG are plotted in Fig. 1.10.

As can be clearly seen in Fig. 1.10, AX is quite consistent in all fits, indi-
cating that the existing polarized DIS data offer a reasonable constraint. AG,
however, varies significantly indicating it is poorly constrained by the current
fixed target polarized DIS data. In order to more precisely determine AG, we
turn to interactions in which the gluon interacts at leading order, specifically
p + p scattering.

1.7 Accessing the Polarized Gluon
Distribution through p + p Collisions

Unpolarized p + p scattering was described in Sec. 1.4.2. In the case of longi-
tudinally polarized p + p scattering, Eq. 1.12 becomes

AgPtp—h+X Z Afo(2q, QZ) ® A fy(p, Q2)

fa,b:qvqyg

DAG T (w4, 10, @, 2) ® Di(2,Q%) . (1.26)
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Here, Ao is defined as
AO':O'+++O'__—O'+_ —O0_4 (127)

where the ‘+” and ‘—’ signs indicate the helicity state of the two longitudinally
polarized protons in the case of AgPP~"*X or the two partons in the case of
AGett=etX 13 Therefore, by measuring Ac?™P~"*+X we could gain access to
the polarized structure functions. Equation 1.27 is generally written in the
shorter form

Ao =0,y —0,_ (1.29)

where ‘++’ (‘+—") indicate same (opposite) helicity collisions.

Experimentally, however, there are often large systematic uncertainties due
to detector acceptance and efficiencies, which make such a cross section mea-
surement difficult. Instead, by measuring the ratio of the polarized and unpo-
larized cross sections, such systematic uncertainties will largely cancel. This
ratio is defined as the double helicity asymmetry, or double longitudinal spin
asymmetry, Arp:

AgPtp—h+X
A = — -
Zfa,b:q,lZg Af‘a ® A.fb ® Aa-[l+b_>c+X ® D}CL

Zfa v=qq.9 Jo © o @ grtt=etX @ Dy

S e (1.31)
Oyt T 04— .

where the functional dependencies on z,, x5, 2 and Q2 have been suppressed.

To interpret this measurement in terms of AG, we rely on elements from a
number of sources: unpolarized PDF's (See Sec. 1.5.1), fragmentation functions
in the case of a final state hadron, and polarized and unpolarized partonic
cross sections calculable in pQCD, as well as the polarized PDF's of the quarks
from polarized DIS. In Chapter 8, we examine how the results from p + p
scattering can be used to determine the polarized gluon distribution, as well
as how uncertainties from these components affects this determination. First,
however, we turn to the measurement itself.

13We can also define the unpolarized cross section, o, in terms of the four helicity com-
binations in Eq. 1.27 as
c=04y+o__+or_+o_,. (1.28)
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1.8 Measuring the Double Helicity
Asymmetry

A cross section can be written as

NCOT’T’
o= 1.32

where N,y is the measured yield (N) corrected for the efficiencies in recon-
struction (€reco), trigger bias (€ns) and detector acceptance (€ucc)

N
Noppp = ————— (1.33)

€bias€acc€reco

and L is the luminosity. Therefore, Ay, can be written as

Oy — 04—
ALL -
O'_|_++O'+_
(== (==
A aledo )\ gfipedee aleco
= LT LT (1.34)

iascact rodo n i ias €acc roco
LT+ LT

In general, for any asymmetry measurement, the efficiencies in the mea-
surement need to largely cancel to achieve the required accuracy. As will be
described later, a polarized proton accelerator offers a unique environment,
where we can safely take et~ = et for the above efficiencies. This allows
Eq. 1.34 to be rewritten in a simpler form

1 Nttt NT—
AL = Lt L 1.35
b PpPy JXTT + JX% ( )

where Pg and Py are the polarization of the two beams at RHIC, which are
used to normalize the measured asymmetry so the physics asymmetry can be
calculated.

1.9 Neutral and Charged Pion A,

Equation 1.35 gives the basic method for measuring a double helicity asym-
metry. In this work, we focus on the measurement of neutral and charged
pions. As we will see in Chapter 3, PHENIX is very well suited for measuring
a large sample of 7’s. However, even with large statistics, additional probes
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Figure 1.11: Relative fraction of produced pions originating in gluon-gluon
(gg, solid red), gluon-quark (qg, dashed black) and quark-quark (qq, dotted
green) scattering as a function of pp. Calculated with NLO pQCD. Taken
from [36]

such as the charged pions can help elucidate aspects of AG that are difficult
to measure, such as the sign of AG.

Figure 1.11 shows as a function of py the fraction of pions produced for the
three possible interactions in p 4+ p collisions: gluon-gluon (gg), gluon-quark
(qg) and quark-quark (qq). At low pr, gg scattering dominates, and so Ay p
given in Eq. 1.31 effectively probes AG?. Figure 1.12 shows the expectations
for charged and neutral pions based on the GRSV framework. At low pr, the
expectations for a given AG are similar, because all pions have equal likelihood
to come from gluons, which dominate in this pr range. The difference between
the three pion species at higher py coincides with the pr range in which qg
scattering becomes more significant. This arises due to the coupling of two
effect. First, the v and d quarks have different likelihoods of fragmenting into
each type of pion, with 7%s (ud) more likely to come from u quarks than d
quarks, and visa versa for the 77s (du), while the 7°s ([uti+dd]/2) do not favor
either. Second, Au, and Ad, have opposite sign. Combining these two fact,
we anticipate an ordering of the expected Ay results for the three species.
By studying the three separate pion species in the mid pr range, it may be
possible to extract the sign of AG more accurately than from the 7° alone.

1.10

The remainder of this work, excluding the last two chapters, will focus on the
measurement of Ay, for neutral and charged pions, including the assumptions
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Figure 1.12: Ay expectations for 7% (red), ¥ (green) and 7~ (blue) based
on the GRSV fit with three input values of AG: the best fit (solid), AG =0
(dashed) and AG = G (dotted).

that went into Eq. 1.35. In Chapter 2, we focus on the design of RHIC as a
polarized proton collider and how it allows the difference between efficiencies
in ‘++’ and ‘+—" collisions to be reduced to essentially zero. In Chapter 3,
the PHENIX detector will be described, with emphasis on the systems used
in the present work. Chapter 4 will discuss the luminosity normalization, as
well as how both the magnitude and direction of the longitudinal polarization
is measured. Chapter 5 will define the criteria for event selection and describe
the particle identification methods used. The results for A;; of 7+ and 7°
will be given in Chapter 6. Chapter 7 will detail a number of systematic
cross checks, and a discussion of the final systematic uncertainty in the App
measurements.

With these results, Chapter 8 will examine how the current measurement
of AEOL in particular can be used to constrain the polarized gluon distribution
of the proton, as well as discuss the current status of the theoretical and ex-
perimental uncertainties in such a constraint. Finally, in Chapter 9, we briefly
discuss the future in terms of both measurements and theoretical interpreta-
tion we can expect.
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Chapter 2

Polarized Protons at RHIC

2.1 RHIC

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Lab-
oratory (BNL) was designed to study the both the proton spin structure,
through polarized proton collisions, and the state of matter created in Heavy
Ion, primarily Au-Au, Collisions. In this dissertation, we focus on proton spin
structure, and more precisely, the gluon spin contribution to the proton’s spin.
Therefore, only the elements of RHIC related to polarized protons will be dis-
cussed here. Figure 2.1 shows the RHIC facility layout, including the proton
source and booster rings.

There are six possible Interaction Points (IP) in RHIC. During the 2005 run
(Runb), there were four experiments that saw p + p collisions: BRAHMES,
PHENIX, PHOBOS and STAR. PHOBOS was decommissioned before the
2006 run (Run6). During Run6, there were only collisions at BRAHMES
during the /s =62.4 GeV running period, and a few days prior to the switch
from /s = 200 GeV. The reduced number of collision points was a significant
reason for the increased luminosity seen in Run6.

For specific details about accelerating and storing polarized protons at
RHIC, see [37].

2.2 Siberian Snakes

For a particle in a synchrotron with no electric field, the equation of motion
is given by
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Figure 2.1: Diagram of the Relativistic Heavy Ion Collider Complex in 2006.
Only elements specific to the spin program are shown. The accelerator com-
ponents are discussed in the text.

where e and m are the charge and mass, respectively, of the particle, ~ is
given by E/m, Bc is the velocity of the particle, and B is the magnetic field
perpendicular to the particles motion. The equation of motion of the spin
vector in the rest frame of the particle (assuming no electric field) is given by
the Thomas-BMT equation

% = —VLmS x [(14+G)B.+(1+G)By] . (2:2)

Here, GG is the anomalous magnetic moment (G = 1.7928 for a proton [12]),
S is the particle spin vector in the particles rest frame and B)1) is the mag-
netic field parallel (perpendicular) to the particle’s motion. At high energies
(large ), the B, dominates, and G~y gives the number of spin precessions per
revolution, called the spin tune vg,.

If the spin precession frequency coincides with the frequency of a pertur-
bation of the spin due to the magnetic field, a resonance will occur with any
depolarization affects amplified. During acceleration, polarization can be lost
due to such resonances which are mainly of two types: intrinsic, resulting from
the period of betatron oscillation matching the period of spin procession, and
imperfection, resulting from imperfections in the magnet field experienced by
the spin vector each revolution. In order to reduce the impact of such reso-
nances at high energies, sets of helical dipole magnets, called Siberian snakes,
are used. These dipoles create a field perpendicular to the spin vector, rotating
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the direction of the spin vector. If the vector is flipped 180°, then we called the
snake a full snake. In the ideal case, a (set of) Siberian snake(s) precess(es)
the polarization vector by 180° per revolution. The effect of this is to ensure
that in any two revolutions, precessions of the spin vector due to resonances
cancel. If the spin vector precession is not 180°, multiple orbits are needed
to cancel out depolarizing effects. These depolarizing effects may not fully
cancel if the beam is accelerating during these multiple orbits. Note that in
the ideal case (180° precession), the spin tune is set to be %, ensuring that at
least imperfection resonances are canceled.

2.3 Source and Boosters

Polarized protons are produced from a optically pumped polarized H~ source
(OPPIS) with a polarization of ~80%. After stripping the hydrogen of their
electrons, the protons are accelerated through a spin transparent LINAC and
are injected into a low energy booster. Proton bunches are injected into the
Alternating Gradient Synchrotron (AGS) from the booster ring with proton
energy of 2 GeV. The bunches are then accelerated to ~23 GeV, and then
injected into RHIC. There are many depolarizing resonances during the ramp
in the AGS, and so controlling the polarization is very important for achieving
high polarization in RHIC. Due to the small size of the AGS, and the lack of
straight sections in which a full Siberian snake can be inserted, there are no
full Siberian snakes in the AGS. A 5% snake was used in combination with an
RF dipole to reduce depolarization prior to 2005. In 2005, a 15% “cold” snake
was commissioned, greatly reducing polarization loss in the AGS [38].The use
of the 15% “cold” snake was the primary reason for the increase of polarization
seen in RHIC in 2006 (see Table 2.1).

2.4 RHIC Accelerator

Proton bunches are accelerated from RHIC injection energy up to a maximum
energy of 250 GeV. For the analyses in this work, only data using beams
accelerated to 100 GeV were used. RHIC contains two full snakes (180° flip)
in each ring to reduce the effects of depolarizing resonances. This leads to a
stable beam polarization in the vertical direction.

Figure 2.2 shows the effect of two snakes. As discussed above, depolariza-
tion will occur when a spin precession frequency coincides with the revolution
frequency in the accelerator. In Fig. 2.2a, the polarization vector is slightly
different from vertical due to a depolarizing resonance. After passing through
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Figure 2.2: Effect of two full Siberian snakes in each RHIC ring. The spin
vector precesses about the vertical (y) axis. (a) Spin vector at some point in
the ring. (b) Spin vector after going through one full snake and so rotated
180° about z-axis. (c) Spin vector after going through the second full snake
and so rotated 180° about z-axis, effectively returning to the position in (a),
but with the spin vector precessed by 180° about the vertical axis.

the first rotator, the polarization vector is rotated about one horizontal axis
(Fig. 2.2b). It is then rotated about the second horizontal axis (Fig. 2.2c) re-
turning the polarization vector to the original orientation at the original point
in the ring, except with a phase difference of 180° with respect to the verti-
cal axis. The net effect is a cancelation of depolarization due to resonances,
resulting in a stable vertical polarization in RHIC.

RHIC has a total of 120 fillable bunches in each ring, counted as bunch 0
through bunch 119. In each ring, nine bunches are left empty so that the beam
can be dumped cleanly. These nine bunches are referred to as an “abort gap”.
Bunch numbering in each beam is defined with bunch 0 as the first bunch after
the abort gap. At PHENIX in Run5 and Run6, bunch 0 in the blue ring is set
to collide with bunch 80 in the yellow ring. Such a collision point is defined as
a crossing, with crossing number coinciding with blue bunch number. As the
blue and yellow beams are shifted with respect to each other, there are two
abort gaps at PHENIX: crossings 31-39 and 111-119.

Prior to the 2005 run, RHIC operated in “60 bunch mode”, which meant
that only even bunches were filled in both rings. In order to increase the
luminosity, RHIC switched to “120 bunch mode” on May 10, 2005, allowing
up to 111 bunches filled in each ring. For most of Runb, however, the odd
bunch crossings were not all filled as the effects of filling more bunches were
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being studied. For Run6, all bunches (excluding abort gaps) were filled.

To achieve maximum luminosity during the running time, fills in RHIC
normally last 7-8 hours, where a fill is the time from initial injection into
RHIC until the beam is dumped. In general, beam parameters can change in
between fills. Therefore, in the Ap; analysis, the measurement is done on a
fill by fill basis to reduce possible beam related systematic uncertainties from
such variations.

2.5 RHIC Polarimeters

In order to achieve the required accuracy for the RHIC spin goals, beam polar-
ization must be measured to better than 5% per beam. To achieve this goal,
RHIC has two different types of polarimeters for measuring the magnitude of
the beam polarization.

The first of the two polarimeters used in RHIC relies on proton Carbon
(pC) elastic scattering. This polarimeter has been described in detail [39], and
so here only a brief description is given. Figure 2.3 shows the configuration. A
thin vertical or horizontal carbon target of about 25 nm thickness is moved into
the path of the polarized beam. Carbon atoms are elastically scattered nearly
perpendicular to the beam. Six silicon strip detectors are placed inside the
beam pipe such that, for a vertical carbon target (as shown in Fig. 2.3), they
lie at +45°, 4£90° and +135° with respect to the plane of the vertical target.
Although only the two detectors at £90° are needed for measurement with a
vertical target, the other four detectors allow for systematic control, as well as
measurement with a horizontal target. Two different types of measurements
can made with either vertical or horizontal targets: fized, where the target
position is constant in the measurement, and scan, where the target is placed
at a number of points across the beam. In Runb, nearly all measurements
were fixed, but indications of a polarization profile led to the decision to use
scan measurements at least once per fill in Run6. As is shown if Fig. 2.1, each
beam has its own pC polarimeter, as does the AGS.

This measurement has high rates (20 million events in 10 s), and so is used
at RHIC for multiple measurements over the course of every fill to measure fill
by fill polarization, as well as tracking any changes in polarization within a fill.
However, as the analyzing power is not directly measured, this measurement
is only relative, and alone carries a large uncertainty (31% relative error per
beam). In order to reduce this uncertainty to the stated goal of 5% per beam,
a second polarimeter is needed to measure the absolute polarization.

This second polarimeter used in RHIC relies on a polarized hydrogen gas
jet (HJet) polarimeter, described in detail at [40]. Figure 2.4 shows the
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Figure 2.3: Beam view of pC polarimeter. Beam (blue) is into the page,
incident on the carbon target (center). Recoil Carbon atoms are measured
with 6 silicon strip detectors (red).

configuration used in Run5 and Run6. Hydrogen gas is polarized and ion-
ized, and passed through the beam pipe, where it scatters from the beam.
After exiting the beam pipe, the polarization is measured with a Breit-Rabi
polarimeter. The HJet polarization was stable throughout both Run5 and
Run6 and measured to be 96%. Molecular hydrogen can form as the HJet
passes through the apparatus, and will dilute the polarization. The actual
polarization in the region of the scattering is estimated to be 92.44+1.8%, with
the uncertainty largely due to the uncertainty in the amount and effect of the
molecular component on polarization.

Polarized protons from the HJet are scattered at near perpendicular angles
to the beam direction. A set of three silicon detectors sit on each side of
the beam perpendicular to both the beam and HJet axis, allowing for the
measurement of a left right asymmetry. Due to the fact that the HlJet is
polarized, both target and beam asymmetries are measurable, allowing an
absolute polarization measurement. However, the low rate of this detector
means that many fills are required to have an accuracy of 1-2% needed to
achieve the total polarization uncertainty (statistical and systematic) of 5%
per beam.

2.6 Spin Rotators

As was stated above, the stable direction for polarization at RHIC is vertical.
However, in order to make a measurement of A, longitudinal polarization
is required. Therefore, sets of four helical dipole magnets on each side of the
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Figure 2.4: Diagram of polarized HJet polarimeter. Target protons are scat-
tered by the beam at small recoil angles () to one of six silicon strip detectors.
The six silicon detectors each have 18 vertical strips, eight of which are used
to detect forward scattered protons (shown in white).

PHENIX (and STAR) interaction point are used to rotate the polarization
vector from the vertical axis to the longitudinal axis. These spin rotators are
shown in Fig 2.1, and are described in detail in [37].

The spin rotators are designed to work independently at STAR and PHENIX,
allowing each experiment to decide the polarization direction. In Run6, the
STAR rotators were turned on, switching the polarization direction at STAR
from vertical to longitudinal, during longitudinal running at PHENIX. As is
described in Chapter 4.3, PHENIX has developed a method using a forward
neutron asymmetry to determine beam direction. Several runs were taken con-
sisting of primarily events using a special trigger for neutrons to study if any
effect could be seen at PHENIX. The measured neutron asymmetry agreed
well with the asymmetry prior to the turn on of the STAR rotators, indicating
that the two systems are independent. However, throughout both Runb and
Run6, the PHENIX and STAR rotator currents, as well as that of the four
RHIC Siberian snakes, were monitored. No runs showed unexpected values,
and so no runs were discarded from the A, analyses.

2.7 Spin Pattern

The polarization pattern for bunches in RHIC can be controlled. Therefore, all
four possible combinations (‘++",‘+—",—4+" and ‘——") can collide at PHENIX
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(or any interaction point) within 4 filled crossings. In 2005, the time between
crossings varied from 106 ns to 212 ns due to the changing number of filled
crossings. In 2006, all crossings were filled, and so the time between crossings
was 106 ns. Therefore, within 848 ns (412 ns) in the worst (best) case scenario,
all possible combinations are examined, greatly reducing the systematic effects
in any measured asymmetry due to detector efficiency fluctuations.

In Runb, one polarization pattern shown in Fig. 2.5a was used for all fills
prior to May 26, 2005 while all four patterns in Fig. 2.5 were used afterwards.
By cycling patterns, effects in any specific crossings which could adversely
impact asymmetry measurements are reduced as the polarization directions
associated with the specific crossings vary from fill to fill. As will be discussed
in Chapter 3.3.3, different sets of electronics are used in even and odd crossings
in the primary trigger for the Ay, analyses. This can lead to potential false
asymmetry measurements, and so the asymmetries are calculated separately
for even and odd crossings to prevent this possible problem. Parity violating
single spin asymmetries (see Chapter 7.4), which offer a useful systematic cross
check, cannot be measured when one specific crossing polarization coincides
with one trigger circuit. In Fig. 2.5, an example of this is given, showing in
(a) blue even crossings (colored red) always coinciding with ‘4+’ and blue odd
crossings (colored blue) always coinciding with ‘—’. Clearly, in this case odd or
even crossings will only sample two of the four possible spin combinations, and
so the measurable asymmetries are limited. In 60 bunch mode, this situation
never arose, but in 120 bunch mode it is possible, and did occur at the end of
Runb in a few fills. For the large majority of Runb fills, however, this did not
occur, and so the measurement was not adversely affected.

In Run6, RHIC filled 111 bunches in both rings, and so this matching of ‘4’
to even and ‘—’ to odd crossings described above would occur for all fills. This
would badly impact PHENIX results, including Ay, as the measurement of
the parity violating single asymmetry would be impossible. Therefore, the spin
pattern for Run6 was changed to those shown in Fig. 2.6, which ensure that
all four combinations occur in both even and odd crossings. These patterns
were cycled with each new fill to reduce systematic affects similar to the case
of Runb.

2.8 RHIC Performance

In Table 2.1, the machine performance is listed for the parameters that most
directly influence the statistical uncertainty in Ay : average polarization ({P))
and recorded integrated luminosity ([Ldt). The uncertainty in A, goes
roughly as the inverse of polarization squared (actually, fraclPpg - Py) times
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Figure 2.5: Four spin patterns used in RHIC for the two beams during Runb.
In each set, top is blue ring spin pattern and bottom is yellow ring spin pattern.
Red and blue colors signify even and odd crossing when all bunches are filled.
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Figure 2.6: Four spin patterns used in RHIC for the two beams during Run6.
In each set, top is blue ring spin pattern and bottom is yellow ring spin pattern.
Red and blue colors signify even and odd crossing when all bunches are filled.
In these patterns, as opposed to those used in Runb (Fig. 2.5), both even (red)
and odd (blue) crossings contain all four possible spin combinations.
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the square root of the integrated luminosity. Therefore, defining the square of
this quantity as the figure of merit (FOM), we have

FOM = (P)*. / Ldt. (2.3)

From this definition, it is clear that a doubling of polarization is equivalent to
a factor of 16 increase in luminosity. This effect is the reason that the Run6
data, with a little over twice the luminosity, is about four times more precise.
From Table 2.1, it is also evident that Run5 and Run6 were the first significant
data sets for measuring Ay .

Table 2.1: Average polarization ((P)), integrated luminosity ( [ Ldt) and figure
of merit (P*L) for the four longitudinally polarized RHIC runs with /s =
200 GeV to date.

Year | Run | (P) (%) | [ Ldt (pb~')* | FOM (pb™')
2003 | Run3 27 0.35 0.002
2004 | Run4 40 0.12 0.003
2005 | Rund 49 3.4 0.200
2006 | Run6 57 7.5 0.790
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Chapter 3
PHENIX

The PHENIX Detector [41] is designed to measure rare physics probes with
high rate data collection and high resolution. PHENIX consists of 4 arms: the
west and east central arms, shown in the top half of Fig. 3.1, and the north
and south muon arms, seen in the bottom half of Fig. 3.1. Two sets of global
detectors, the beam beam counters and zero degree calorimeters can also be
seen in the lower half of Fig. 3.1.

The central (east and west) arms consist of several subsystems for tracking,
particle identification, and energy measurements. Each arm covers a pseudo-
rapidity! range of || <0.35 and 90° in ¢. In each central arm, a drift chamber
and a set of pad chambers (2 in the east arm, 3 in the west) are used for track-
ing. Both of these detectors sit outside of the azimuthal magnetic field region.
A ring imaging Cerenkov detector in both arms is used primarily for electron
identification. Electromagnetic calorimeters are used for energy reconstruction
and event triggering.

In this work, a subset of central arm detectors, along with the global de-
tector systems, are used, and so only those detectors are described here. For
information about other PHENIX subsystems, see [41].

The coordinate system at PHENIX is defined such that the z-axis lies along
the beam direction, with the positive direction taken as pointing towards the
north muon arm (pointing right in lower half of Fig. 3.1). The angle ¢ is
calculated with respect to the x-axis, which points into the west arm. Using a
right handed coordinate system, the positive y axis is taken as the up direction.

!Pseudorapidity is defined as

n=—1In {tan (g)] (3.1)

where 6 is defined with respect to the beam axis.
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Figure 3.1: PHENIX detector set up. Not drawn to scale. Top picture shows
central arm detectors with the beam into the page. Bottom picture shows the
side view cross section of the detector, and the location of the global detectors
(the ZDCs are located further from the IP than shown).
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Table 3.1: Acceptance coverage of PHENIX detectors used in the following
analyses.

Detector System An Ao
BBC +(3.1-3.9) 360°
ZDC >6 and <—6 360°
PbSc EMCal +0.35 90° + 45°
PbGl EMCal +0.35 45°
DC +0.35 90° x2
PC1 and PC3 +0.35 90° x2
RICH +0.35 90° x2

Table 3.1 lists the n and ¢ coverage of the different detectors discussed in
this chapter.

3.1 Luminosity Detectors

3.1.1 Beam Beam Counters
The Beam Beam Counters (BBC) [42] have three main purposes at PHENIX:

e Trigger for collisions (see Sec. 3.3)
e Vertex determination for collision

e definition of t0 for Time of Flight (ToF')

Each BBC consists of 64 photomultiplier tubes. Each tube has a quartz
crystal at its head, which acts as a Cerenkov radiator. The BBCs sit at
+1.44 m (in the z-direction) from the nominal center of the PHENIX detector
(see Fig. 3.1), cover a pseudorapidity range of 3.0 < |n| < 3.9 and have full ¢
coverage. For hadron identification with the PHENIX Time of Flight (ToF)
detector [43], very good accuracy in tg, the initial collision time measured by
the BBCs, is required. Therefore, the BBC timing resolution is 52+4 ps for
a single PMT. The accuracy in t3 determination can also be used for photon
identification, as is described in Chapter 5.8.2 with respect to the 7° analysis.

The timing information in the two BBCs allow the calculation of both ¢,
and the vertex position, zgpc:

e = C*(ts —1tn)/2
ty = (ts+tn)/2 (3.2)
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where ¢ is the velocity of the particles, and tg (ty) is the average time of
prompt particles as seen by the BBC South (North). With the good timing
resolution, the resulting resolution in the vertex position determined by the
BBC is ~5 cm online and ~2 cm offline.? This vertex resolution is acceptable
for the tracking needs in PHENIX, and the needs of the analyses in this work,
but is too coarse to be able to determine secondary vertices from heavy flavor
quark decays. This is a primary reason for the Silicon Vertex Detector (VTX)
[44] which will be installed in 2010.

One byproduct of using Eq. 3.2 to calculate the vertex is that it assumes
only a single collision per crossing. In the case of a multiple collision, the
reconstructed vertex will be from particles from the two separate vertices,
and therefore will actually be reconstructed as between the two real vertices.
The number of multiple collisions will be correlated with the luminosity in
the experiment. With the Run6 peak luminosity, multiple collision rates were
~5%, but were much smaller for most of the running time. At the RHIC
design luminosity, the multiple collision rate may be as high as 25%. Offline,
the VI'X detector will help distinguish multiple collisions after it is installed.

For spin dependent analyses, the BBCs are also used for spin dependent
luminosity normalization, as is discussed in Chapter 4.1.

3.1.2 Zero Degree Calorimeters and Shower Maximum
Detector

The Zero Degree Calorimeters (ZDC) [45] are a second collision detector
system, which are the same for all 4 experiments at RHIC. The Collider-
Accelerator Department (CAD) at BNL uses the ZDCs for luminosity deter-
mination at all interaction points around RHIC. For this reason, a number of
triggers have been set up with the ZDCs (see Sec. 3.3).

The ZDCs are hadronic calorimeters, designed to measure very forward
hadrons. Each ZDC consists of three modules with optical fiber sandwiched
between Tungsten layers, which correspond to 1.7 nuclear interaction length
(A7) per module (see Fig. 3.2). The ZDCs are located £18 m (in the =z-
direction) from the center of the PHENIX detector (see Fig. 3.1). The ZDCs
cover a cone of 2 mrad about the beam axis (z axis) corresponding to |7|> 6.
This coverage is limited due to the space constraints between the yellow and
blue beam pipes. As the ZDCs are primarily used for neutron tagging, the
detector is positioned past the Dx bending magnet as seen in Fig. 3.3. The
Dx bending magnets are used to steer the two proton beams back into the

2This resolution varies as a function of the vertex position, but is very consistent within
430 cm of the PHENIX IP.

40



( PMT R320-2

PMMA black painted
0.5 mm diameter fibers

27 tungsten plates
/(6x100x150 mm*

Figure 3.2: Cross section of the ZDC. Each ZDC consists of three modules.
Particles created in collisions come in from the right. The SMD (orange) lies
on the front of the second module, behind the first module.
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Figure 3.3: Top down view (not drawn to scale) of the location of the ZDCs
with respect to the PHENIX IR and the Dy bending magnets.

two accelerator rings. This limits the detector acceptance for charged particles
created in the very forward direction in the initial event.?

The z vertex position and ¢, can also be determined by the ZDCs, but
the poorer timing resolution (~150 ps) and the greater distance from the
interaction point lead to poorer resolution in both compared to the BBCs.

A Shower Maximum Detector (SMD) sits between the first and second
module of each ZDC and is used to determine the position of the hadronic
shower. Photon showers are primarily contained in the first module, and so
showers detected in the SMD are expected to be largely neutrons. The detector
consists of 7 strips of vertical scintillator and 8 strips of horizontal scintillator,
from which the x and y coordinates of the shower position can be determined.

For spin dependent analyses, the ZDCs are used in conjunction with the
BBCs to estimate the uncertainty from luminosity normalization in our final
asymmetry results, as is discussed in Chapter 4.1.2. The ZDCs, along with
the SMDs, are used to measure the polarization direction at PHENIX on a fill

3 A nice study of the ZDC acceptance for charged particles, primarily from protons which
shower in the Dx magnet, is given in [46].
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by fill basis, as is discussed in Chapter 4.3.

3.2 Electromagnetic Calorimetry

The PHENIX Electromagnetic Calorimeter (EMCal) [47] covers the full central
arm acceptance, and is divided into four sections per arm. It is primarily
designed to measure the position and energy of photons and electrons in the
central arms.

Six sections (four in the west arm, W0-W3, and two in the east, E2 and
E3, see Fig. 3.1) comprise the Lead Scintillator (PbSc) EMCal. Each sector
contains 36x72 towers and cover |n| < 0.35 and ¢ = 22.5°. Each tower is
5.5%5.5 cm? and consists of 66 sampling cells, composed of 1.5 mm lead slabs
in front of 4 mm of scintillating material. This corresponds to 18 radiation
lengths (Xj), or 0.85 A;. From test beam data, the energy resolution is

1
98 _ o 1o S1%

The detector was calibrated using test beam data, minimum ionizing particles,
and the 7% mass peak.

The final two calorimeter modules in the east arm (E1 and E2) are com-
prised of lead glass (PbGl). Each sector contains 48x96 towers and cover
In| <0.35 and ¢ = 22.5°. Each tower is 4.0x4.0 cm? and consists of homoge-
nous lead glass Cerenkov radiator. This corresponds to 14.4 X, or 1.1 A;.
The energy resolution was measured at WA98, and is

(3.3)

— =0.8 .
= % @ =

The two different types of EMCal at PHENIX allow for a systematic cross
check of measurement results. In Chapter 7.2, the results for 7 A;; for the
two different EMCal types are compared.

(3.4)

3.3 Triggering

Due to the limited luminosity available, and rareness of the physics events
of interest, a number of triggers have been designed to ensure a significant
fraction of these events are recorded. The triggers consist of two type: event,
in which a global requirement is met, and particle, in which the event has
a high likelihood of containing a specific particle of interest. Here, only the
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triggers used in the Ay analyses and related spin measurements are discussed.

3.3.1 BBC Level 1 Triggers

The main trigger for events in PHENIX relies on a coincidence between the
two BBCs. For p 4+ p running, a minimum requirement of 1 tube per side
is required. Two triggers are defined in this manner. The first, BBCwide,
triggers based on any such coincidence. The second, BBCLLI1, requires the
event to occur in a limited z range. A vertex position (zppc) is reconstructed
using Eq. 3.2 with an online resolution of 5 cm. For BBCLL1, an online cut of
|zBBc| <30 cm is applied to all events in BBCwide. BBCLLL1 is defined as our
minimum bias (minbias) trigger condition for all events used in the following
analyses.

The cross section sampled by the BBC was measured, and found to be
21.8(9.6%) mb [48]. This cross section is used to normalized all cross sections
measured at PHENIX. It is also used to determine the size of any data sample
solely from the number of minbias events.

3.3.2 ZDC Level 1 Triggers

For spin dependent analyses at PHENIX, there are three important triggers
incorporating the ZDCs. For luminosity determination, two triggers are used
which require a coincidence between the two ZDCs. Again, using timing differ-
ences between hits in the ZDCs, an online vertex (zzp¢) can be reconstructed
with a resolution of roughly 30 cm. Two triggers are defined based on on-
line vertex cuts. The ZDCnarrow trigger requires a reconstructed vertex with
|zzpc| <30 cm, in nominal agreement with the minbias cut. As is discussed
in Chapter 4.1.2, a comparison in luminosity measured with the minbias and
ZDCnarrow triggers is used for estimating the systematic uncertainty in lumi-
nosity normalization. The ZDCwide trigger requires |zzpc| < 150 cm, and is
primarily used to correct for the poor resolution of the ZDC in the luminosity
analysis.

Another important ZDC dependent trigger in spin analyses is used for
Local Polarimetry as described in Chapter 4.3. This LocalPol trigger requires
an energy deposit in one ZDC (north or south) in coincidence with a minbias
trigger, and is used to tag events with a very forward neutron.

3.3.3 EMCal RICH Trigger

In order to record rare events, such as particles with high transverse momen-
tum (pr), an additional trigger is required beyond minbias. The EMCal RICH
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Figure 3.4: Diagram of ERT trigger explaining overlapping trigger tile arrange-
ment in the 4x4 tower triggers used for both 7 and charged pion analyses.

Trigger (ERT) triggers on events in which there is a large localized energy de-
posit in the EMCal.* The EMCal towers are grouped in sets of 2x2 towers,
which make up a basic trigger tile. The concept is that if some energy deposit
is above a threshold in one tile, then the event will be triggered. However, in
this case, if a high energy particle splits its energy in neighboring tiles, the
threshold might not be met for any one individual tile. Therefore, overlapping
trigger tiles are set up, consisting of 2x2 neighboring basic tiles, to create
a 4x4 tower trigger. There are 3 versions of this trigger, which differ only
in the threshold energy. 4x4a, 4x4b, and 4x4c, as they are named, require
respectively a 2.1, 2.8 and 1.4 GeV energy deposit in a 4x4 tower block made
up of 4 neighboring basic tiles. A diagram of the circuit is shown in Fig. 3.4.

Sets of 12x12 towers are grouped into supermodules, which are used in
the trigger logic for event triggering. Supermodules are the smallest triggering
unit written in the output data.

For the Run5 7% and charged pion results, only events triggered with 4x4c
(the lowest threshold) was used. However, in Run6, the PbGl section of the
ERT had many noisy trigger tiles, and so only 50% of the lowest threshold
ERT trigger was live in these sections. Therefore, the 4x4a trigger was also

4For triggering on electrons, a corresponding signal in the RICH can also be required in
the trigger, which is why the trigger is called the EMCal RICH Trigger. However, for the
analyses in the present work, only the sufficient energy deposit is required.
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used in Run6, recovering most of the noisy trigger tiles at this higher energy
threshold. In the remainder of this work, the trigger requirement will be called
the ERT trigger, signifying 4x4c in Run5 and the ‘OR’ of 4x4c¢ and 4x4a in
Run6.

Trigger Problem

In Runb, for the first time RHIC ran in 120 bunch mode (see Chapter 2). This
required both even and odd bunches to be filled. As is discussed in [49], the
ERT trigger reset takes about 140 ns, longer than the 106 ns between RHIC
bunches in 120 bunch mode. In order for the trigger to work in 120 bunch
mode, the trigger was designed as two alternating sets of circuits distinct for
odd and even crossings. For asymmetry measurements such as Ay, we assume
that efficiency issues are helicity and crossing independent. However, if the
trigger efficiency is not the same for the two distinct ERT trigger circuits,
then the assumption fails. This is seen very clearly in Fig. 7.6, where a clear
false parity violating asymmetry is seen towards the end of the 2005 running
period. During this period of large false asymmetry, the blue spin pattern
completely matched the two circuits (i.e. blue ‘4+’ with odd crossings, blue
‘—’ with even), as is shown in Fig. 2.5. Such a false asymmetry indicates that
the trigger efficiencies for the two circuits differ, and so one cannot correctly
measure asymmetries using all bunches. This is most significant in the pr range
where the efficiencies are rapidly changing. For this reason, all asymmetries
are measured separately for odd and even crossings if ERT triggered events
are used in a pp region of changing ERT trigger efficiency.

3.3.4 GL1p Boards

It is very important for measuring A, to have an accurate count of the lumi-
nosity for different helicity states. The average rate for minbias events in 2005
(2006) was 60 kHz (200 kHz). Even with the very high rate of data taking with
the PHENIX Data Acquisition System (DAQ) [50], which can record up to 7
kHz of data, most triggers are prescaled (only every jth event is recorded).
If one simply uses the number of prescaled minbias events, N, scaled up
by the prescale factor (j), giving a luminosity L = jN,., the uncertainty in
luminosity is
oL =1J] N, pre

as j is a constant. If the total number of triggers (N;) is recorded, then the
uncertainty in luminosity measured this way (L' = Ny ) is simply

o =/ Niot-
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Now if we assume
Ntot - ijre +n

where 0 <n <7, then

oL
7

Thus we see that the uncertainty in luminosity increases by a factor of /7 if
we simply define L = jN,,..

In order to get a more accurate luminosity measurement, a set of scaler
boards called the GL1p boards are used [50]. These boards record the total
number of triggers per beam crossing when the DAQ was live (able to take
data) for up to four different triggers. For both the 2005 and 2006 runs, the
minbias (BBCLL1), ZDCnarrow and ZDCwide triggers were used. In 2005,
the fourth trigger used was the ERT4x4c trigger, not in coincidence with the
minbias trigger. In 2006, the fourth trigger was CLOCK, which triggers on
every bunch crossing when the DAQ is live regardless of whether a collision
occurs.

Aside from having a very accurate luminosity, because these boards record
triggers for each bunch crossing, they also allow measurement of helicity depen-
dent asymmetries in the luminosity measurement. Such studies are discussed
in Chapter 4.1.

orr = \/ijre +nx~ \/ijTe = (35)

3.4 Tracking

PHENIX uses two detectors, the Drift Chamber (DC) and three layers of Pad
Chambers (PC1, PC2, and PC3), primarily for tracking in the central arm.
These detectors can be seen in Fig. 3.1.

3.4.1 Magnets

Before discussing tracking in PHENIX, we must first consider the magnetic
field required to measure such charged tracks. The PHENIX magnet system
[51] consists of three independent magnets, the north and south muon magnets
and the Central Magnet (CM). Only the field of the CM is germane to this
work, and so we focus on it here. The CM consists of two independent con-
centric coils and provides a field parallel to the z-axis. In Run5 and Run6, the
fields from the two coils were set so they added (‘++’ configuration), yielding
a magnetic field integral of [ B-d€ = 1.15 T m. The field lines in the CM ‘++’
configuration can be seen in Fig. 3.5, along with those of the muon magnets.
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Figure 3.5: PHENIX magnetic field set up in Run5 and Run6.

The magnet was designed so that it was outside of the acceptance of the cen-
tral arms. Therefore, the pole tips of the central magnet sit at z==+40 cm from
the center of PHENIX. The CM was also design so that the field strength is
significantly reduced in the region of the central arm detectors (r>2 m), and
is small enough such that f;fB -d€ < 0.01 T m, where this is the region
covered by the RICH (see Fig. 3.1).

3.4.2 Drift Chamber

The Drift Chamber (DC) has been described in detail in [52]. Each central
arm contains an independent DC (see Fig. 3.1), composed of an multiwire gas
chamber, filled with a 50%/50% mixture of Argon and Ethane gas.

A cross section of the detector is shown in Fig. 3.6. Six sets of wires are
stacked radially. The X1 and X2 wires run parallel to the beam pipe, and are
the main elements in determining pr for charged particles. The U and V wires
run slightly off parallel to the X wires, as is seen on the right of Fig. 3.6, and
give some resolution in the ¢ direction. To reduce the occupancy in heavy
ion collisions, the detector is split at the z=0 plane, with wires on each side
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Figure 3.6: Left: Cross section of the DC in the r-¢ plane showing wire layout.
Right: Top view of same section, showing crossing angle of X, U and V strips.

readout independently. Therefore tracks traveling through this region may not
generate the expected signal.

The DC covers the full acceptance of the central arms, with An=0.7 and
Ap=90° in the each of the central arms. The DC is the closest detector to
the beam pipe in the radial direction, located from 2-2.4 m radially from the
z-axis. The front and back (radially) walls of the DC consist of thin Aluminum
mylar window 125 pm thick. This wall was designed to have a small radiation
length to reduce the number of photon conversions, as the DC is the first
tracking detector in the radial direction.

3.4.3 Pad Chambers

There are three separate layers of multiwire proportional chambers that com-
pose the PHENIX Pad Chamber (PC) as seen in Fig. 3.1. The first layer of PC
(PC1) sits just after the DC (with respect to the beam), covering the full ac-
ceptance of the central arms (90° x2, |eta| <0.35), and is used in conjunction
with the DC to determine the momenta of charged particles (see next section).
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In the west arm only, a second layer of PC lies just behind the RICH. However,
as the acceptance is limited, it will not be used in the following analyses. A
third layer of PC (PC3) sits 20 ¢cm in front of the EMCal, and also covers the
full central arm acceptance. This layer is primarily used as a veto on poorly
reconstructed tracks in charged particle analyses. In the 7° analysis, it is used
as a method of vetoing clusters in the EMCal associated with charged tracks.

3.4.4 Track Determination and Momentum
Reconstruction

Tracks in PHENIX are defined using hits from the PC1 and the two X and UV
layers in the DC. The quality of the track depends on whether there are hits
in each of these detector layers. While the acceptable quality varies for differ-
ent analyses, in general most require hits in all layers. For the charged pion
analysis in this work, the required track quality is discussed in Chapter 5.11.1.

In most experiments,® tracking detectors are placed in the region of high
magnetic field so that multiple points along the bent path are determined in
order to get an accurate momentum measurement. In PHENIX, the DC and
PC are outside the region of strong magnetic field, and so a different method
is required.

Fig. 3.7 shows the basic method of determining the momentum of a track
in the r-¢ plane. Charged particles will bend in the strong magnetic field
in the interior of PHENIX. This field is significantly smaller at the DC, and
so the track is (nearly) straight. To determine the track py, we define two
vectors in the r-¢ plane: (1) the line that best describes the hits in the DC
and PC1 associated with the track and (2) the line which intersects this line
at the midpoint in the DC (r=2.2 m) and goes through the vertex (dotted line
in Fig. 3.7).5 The angle between these vectors is defined as a, and is used to
define the momentum of the track, as it defines the deviation of the track arc
from a straight line (i. e., infinite momentum).

To get the z momentum of a track, a hit in the PC1 is required, which gives
a single space point associated with the track. Assuming the track originated
at the vertex, the total momentum can be calculated as the track will not bend
in the z direction.

5This includes the PHENIX Muon arms and in the future, will include the central arms
after the Silicon Vertex Detector is installed.

6The vertex may not necessarily lie at z = 0, y = 0. The actual vertex is calculated
in special runs when the magnetic field is turned off. In this case all charged tracks are
straight, and point to the real x, y of the vertex. It is this point from which tracks are
assumed to originate in all other running times.
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Figure 3.7: Definition of « for a charged track bent in the magnetic field. pr
is proportional 1/cv.

As will be discussed in Chapter 5.12, a side effect of measuring charged
particle momenta in the region outside of the magnetic field is that late con-
version before the tracking detector may generate tracks with larger momenta
than they actually have. To reduce the amount of such conversions, in Run5
a helium bag was inserted between the beam pipe and the DC. In Run6, a
helium bag was not installed as it interfered with a prototype of the Hadron
Blind Detector (HBD) [53]. The HBD prototype sat well within the magnetic
field region, and so the momenta of conversion electrons were nearly correct.
However, this did create a slightly larger overall background in the 7° mea-
surement after the HBD prototype was installed.

3.5 Particle ID

The PHENIX ToF [43] cannot distinguish charged pions from other hadrons
above 2.8 GeV. In order to identify high pr charged pions from other hadrons,
a ring-imaging Cerenkov (RICH) detector is used.
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3.5.1 Ring-Imaging Cerenkov Detector

The PHENIX RICH [43] is filled with COy gas and sits between the 